Introduction
During the past decades, frequency conversion using luminescent materials, which can convert incident radiation into desired wavelengths, has been widely applied in various elds, such as lighting, displays, bioimaging, sensors, and solar cells. [1] [2] [3] [4] [5] [6] In recent years, white light-emitting diodes (W-LEDs) have gradually replaced traditional incandescent and uores-cent lamps owing to their obvious advantages, such as high efficiency, low energy cost, environmental friendliness, and long lifetime. [7] [8] [9] [10] [11] [12] [13] [14] [15] They are widely applied in residential lighting, automotive lighting, displays, and so on. 16, 17 For indoor illumination, the typical commercial W-LED is a combination of a blue InGaN LED chip with a yellow-emitting Y 3 Al 5 O 12 :Ce 3+ phosphor. But the deciency in the red region brings about a low color rendering index (CRI) and high correlated color temperature (CCT). 18, 19 In order to overcome the above defects, alternative W-LEDs have been developed using tricolor (red, green, and blue) phosphors pumped by near-ultraviolet (near-UV) LED chips. 20, 21 However, the current red phosphors like suldes and oxysuldes (SrY 2 as red-emitting phosphors to overcome the above mentioned problems, 26 but the rigorous synthesis conditions such as high pressure, certain atmosphere, and high temperature restrict the practical applications. Therefore, it is signicant to search novel red phosphors with excellent chemical stability, high-efficiency, good color purity, and especially high absorption in near-UV or blue wavelength region for W-LED application.
Rare-earth ions activated inorganic materials have been investigated extensively on account of their narrow emission bands and excellent luminescent properties. 27 Among them, the trivalent europium (Eu 3+ ) ion is a signicant activator. were weighed according to stoichiometric ratio and then mixed thoroughly in an agate mortar. Subsequently, the obtained mixtures were transferred into the alumina crucibles and sintered at 1400 C for 5 h in a furnace. Finally, when the samples cooled down slowly to room temperature, the obtained products were ground again into powders for further characterizations.
Characterization
The X-ray diffraction (XRD) patterns of the as-prepared phosphors were recorded on Bruker D8 Advance diffractometer with Cu-Ka radiation (l ¼ 1.54056Å). The morphology was analyzed by using a eld-emission scanning electron microscope (FE-SEM; TESCAN MAIA3). The photoluminescence (PL) and photoluminescence excitation (PLE) spectra were examined by the Edinburgh FS5 spectrometer equipped with a 150 W continuous-wave xenon lamp. The IQE, decay curves, and temperature-dependent emission spectra of the samples were also measured by using the Edinburgh FS5 spectrometer equipped with an integrating sphere coated with barium sulfate, a pulsed xenon lamp, and a temperature controller. 3+ were mixed thoroughly with silicone rstly, and then the obtained phosphor-silicone mixtures were coated on the surface of a 395 nm LED chip to fabricate a W-LED device. The fabricated device was driven by 3 V voltage and 60 mA current and the photoelectric properties of the device were measured by using an integrating sphere spectroradiometer system (HAAS2000, Everne). 
Fabrication of the W-LED device

Results and discussion
where D r is the radius percentage difference; R s and R d represent the ionic radii of host ion and doped ion. In this case, the value of D r was determined to be 5.2%, which was far smaller than 30%. The result further manifested that the doped ions entered into the host lattice smoothly without any signicant inuence on the crystal structure. Fig. 2 (a) represents the Rietveld XRD renement of Eu 3+ -activated BYO phosphors and the rened crystallographic parameters were summarized in Table 1 . As shown, the experimental and calculated spectra were accordant with each other, indicating that the BYO compound belonged to trigonal system with R3 space group. Meanwhile, the cell parameters were a ¼ b ¼ 6.12099Å, c ¼ 25.2800(8)Å, and V ¼ 820.258(35)Å 3 . Fig. 2 (b) shows the crystal structure of BYO, it can be seen that there were four types of Y atom sites, named as Yn (n ¼ 1, 2, 3, 4). All of the Y atoms were surrounded by 6 oxygen atoms to form octahedrons. In addition, there were three types of Ba atom sites in this crystal structure, dened as Ba1, Ba2, and Ba3, which were coordinated with 6, 6, and 3 oxygen atoms, respectively.
34
Considering the same valence state, Eu 3+ ions preferred to occupy Y 3+ sites rather than Ba 2+ sites, which were consistent with the previous results.
The representative FE-SEM image of BYO:0.25Eu 3+ phosphors was shown in Fig. 3 (a). The obtained compounds consisted of aggregated and irregular particles with the size of several micrometers. Moreover, as displayed in Fig. 3(b) , elements of O, Y, Ba, and Eu were observed, and the elemental mapping results implied that the elements in BYO were evenly distributed over the whole particles.
Since the optimal doping concentration was 0.25 mol, the representative PLE and PL spectra of BYO:0.25Eu 3+ phosphors
were shown in Fig. 4 . The PLE spectrum contained a broad band ions. [38] [39] [40] Besides, the shape proles of peaks had no variation except a slight change in PL intensity under the excitation of 396 and 469 nm, and also the strongest peak at 614 nm was ascribed to the 5 Fig. 5(c) . It was clearly found that the overall intensities under 469 nm excitation were slightly weaker than that under 396 nm excitation. These results indicated that the BYO:xEu 3+ phosphors can be effectively pumped with near-UV and blue LED chips. Moreover, the PL intensity gradually enhanced when Eu 3+ ions concentration increased, then it reached a maximum at x ¼ 0.25. Subsequently, when x was further increased, the PL intensity decreased due to the concentration quenching effect, which was triggered by the nonradiative energy transfer among the nearest Eu 3+ ions. 43 According to the theory proposed by Blasse, 44 the concentration quenching mechanism can be determined by the critical distance (R c ) of Eu 3+ ions. If R c is larger than 5Å, the electric multipolar interaction will lead to the concentration quenching phenomenon, otherwise it will be the exchange interaction. Therefore, it's necessary to calculate R c via the following formula:
where V is the volume of the unit cell, x c is the critical concentration and N refers to the number of formula units per unit cell. In this present paper, V ¼ 820. 45 and x c ¼ 0.25. According to the above equation, the value of R c was determined to be 12.78Å and it was much larger than 5Å. In BYO:xEu 3+ phosphors, the energy transfer among Eu 3+ ions took place in the manner of electric multipolar interaction. In addition, to further research the interaction between Eu 3+ ions in BYO:Eu 3+ phosphors, Dexter's formula of multipolar interaction was used as expressed below: where I is the emission intensity, x is the activator concentration, K and b are the constants for the same excitation condition, while q ¼ 6, 8, and 10 correspond to the dipole-dipole (dd), dipole-quadrupole (d-q), and quadrupole-quadrupole (q-q) interactions, respectively. The slope of the tting line between log(I/x) and log(x) was À3.7, as shown in Fig. 5(d) . Thus the value of q was calculated to be 11. Fig. 6(a) . Fig. 6(b) The CIE chromaticity coordinates are crucial factors to evaluate the luminescent properties of phosphors. Fig. 7(a) illustrates the CIE chromaticity diagram of BYO:0.25Eu 3+ phosphors.
According to the PL spectra, the CIE chromaticity coordinates of BYO:xEu 3+ phosphors (l ex ¼ 396 nm) with various Eu 3+ concentrations were summarized in Table 2 . The green and blue asterisks in Fig. 7(a) represented the locations of CIE chromaticity coordinates of BYO:0.25Eu 3+ phosphors under the excitation of 396 and 469 nm, respectively. The corresponding chromaticity coordinates were calculated to be (0.6695, 0.3302) and (0.6692, 0.3305), which were very close to that of the standard red light (0.6700, 0.3300). 42 Furthermore, it can be clearly seen from Fig. 7(a) that the both points basically coincided with each other, indicating that the phosphors can be excited efficiently by both near-UV and blue light from another point of view. The color purity was further investigated as follows: 
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Color purity ¼
where (x, y), (x i , y i ), and ( Table 2 .
Another key factor to assess the application of the phosphors is IQE. Fig. 7(b) 
where L S is the emission spectrum of the sample, E S and E R are the spectra of excitation light with and without sample, respectively. Under 396 nm excitation, the IQE of BYO:0.25Eu 3+ phosphor was calculated to be 46%, which was slightly higher than that upon 469 nm excitation (IQE: 40%). In addition, the external QE of BYO:0.25Eu 3+ phosphors excited by near-UV light was found to be 5%. Fig. 8(a) shows the temperature-dependent PL spectra of BYO:0.25Eu 3+ phosphors excited at 396 nm. As the temperature increased from 303 K to 503 K, the PL intensity decreased gradually due to the thermal quenching effect. The normalized PL intensity of BYO:0.25Eu 3+ phosphors as a function of temperature was depicted in the inset of Fig. 8(a) . As shown, the PL intensity at 423 K remained about 89% relative to its initial value at 303 K, which was higher than that of other reported Eu 3+ doped phosphors, such as Ca 3 Gd(AlO) 3 (BO 3 ) 4 :Eu 3+ (84%) 33, 52 indicating that the phosphors had a splendid thermal stability. Moreover, another parameter, activation energy was used to evaluate the thermal property according to the Arrhenius equation:
where I 0 is the PL intensity at room temperature, I(t) is the PL intensity at different given temperatures, E a is the activation energy, c is a constant, and k is the Boltzmann constant (8.629 Â 10 À5 eV). Fig. 8(b 
Conclusion
In summary, the BYO:xEu 3+ red phosphors were synthesized via a conventional solid-state reaction. 
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